Abstract Neural stem/progenitor cells (NPC) have gained wide interest over the last decade from their therapeutic potential, either through transplantation or endogenous replacement, after central nervous system (CNS) disease and damage. Whereas several growth factors and cytokines have been shown to promote NPC survival, proliferation, or differentiation, the identification of other regulators will provide much needed options for NPC self-renewal or lineage development. Although previous studies have shown that pituitary adenylate cyclase-activating polypeptide (PACAP)/vasoactive intestinal peptide (VIP) can regulate stem/progenitor cells, the responses appeared variable. To examine the direct roles of these peptides in NPCs, postnatal mouse NPC cultures were withdrawn from epidermal growth factor (EGF) and fibroblastic growth factor (FGF) and maintained under serum-free conditions in the presence or absence of PACAP27, PACAP38, or VIP. The NPCs expressed the PAC 1 (short)null receptor isoform, and the activation of these receptors decreased progenitor cell apoptosis more than 80% from TUNEL assays and facilitated proliferation more than fivefold from bromodeoxyuridine (BrdU) analyses. To evaluate cellular differentiation, replicate control and peptide-treated cultures were examined for cell fate marker protein and transcript expression. In contrast with previous work, PACAP peptides downregulated NPC differentiation, which appeared consistent with the proliferation status of the treated cells. Accordingly, these results demonstrate that PACAP signaling is trophic and can maintain NPCs in a multipotent state. With these attributes, PACAP may be able to promote endogenous NPC self-renewal in the adult CNS, which may be important for endogenous self-repair in disease and ageing processes.
Introduction
Neural stem/precursor cells (NPC) have recently generated much interest as a therapeutic means of reducing neural tissue loss after neurodegenerative diseases or central nervous system (CNS) injury. Identified in embryonic CNS and in discrete adult brain areas such as the subventricular zone (SVZ) and the subgranular layer (SGZ) of the hippocampal dentate gyrus, NPCs are unique for their continuous self-renewal and multipotent abilities to generate neurons, astrocytes, and oligodendrocytes upon exposure to specific differentiation signals (Gage 2000; Alvarez-Buylla and Garcia-Verdugo 2002; Doetsch 2003; Taupin 2006) . Hence, the critical regulatory events that orchestrate the proliferation and maturation of NPCs are not only important in the cytoarchitectural organization of the developing brain, but also in maintaining neurogenesis in the mature CNS. In the latter processes, adult rodent SVZ NPC migration through the rostral-migratory stream is essential in replacing olfactory bulb interneurons (Kornack and Rakic 2001) . Neurogenesis in the adult hippocampal dentate gyrus has crucial roles in learning, memory, and behavioral states (Gould et al. 1999; Ueki et al. 2003; Sahay and Hen 2007) . Increasingly, the same population of adult NPCs are recognized to represent a potential endogenous means for neural regeneration and self-repair (Goldman 2005; Martino and Pluchino 2006) . Stimulation of NPC proliferation and neurogenesis, for example, has been suggested to improve functional CNS recovery after various injuries such as ischemic insults (Nakatomi et al. 2002; Lichtenwalner and Parent 2006) . From these considerations, understanding the mechanisms that can promote NPC survival and proliferation may have important developmental and therapeutic applications.
Pituitary adenylate cyclase-activating polypeptide (PACAP) and vasoactive intestinal peptide (VIP) belong to the same family of peptides and have well-established trophic properties through shared G protein-coupled receptor signaling (Arimura 1998; Sherwood et al. 2000; Vaudry et al. 2000) . Only PACAP peptides exhibit high affinity for the PAC 1 receptor, whereas VIP and PACAP have similar high affinities for VPAC1 and VPAC2 receptors. Whereas VPAC receptors appear to be coupled predominantly to adenylyl cyclase, PAC 1 receptor isoforms display unique patterns of adenylyl cyclase, phospholipase C (PLC), and other downstream signaling activation, resulting from the alternative splicing of two 84 bp Hip or Hop exons in the region encoding the third cytoplasmic loop (Spengler et al. 1993) . The diversity in receptor second messenger activation, including cAMP/PKA, PLC/IP 3 /DAG/PKC, and MAPK among others, has been suggested to be central to the many trophic responses. PACAP, VIP, and their receptors have been identified during early neural development and have been implicated in precursor cell mitosis, neurogenesis, and neuronal survival (Gressens et al. 1993; Waschek 1996; Lu et al. 1998; Waschek et al. 1998; Nicot and DiCicco-Bloom 2001) . Furthermore, PACAP and VIP peptides also protect adult neurons from apoptosis. PACAP increases sensory, autonomic, and cerebellar neuronal survival from growth factor or serum deprivation (Cavallaro et al. 1996; Tanaka et al. 1997; Lioudyno et al. 1998; Przywara et al. 1998; Vaudry et al. 1998) ; protects cerebellar neurons from apoptosis upon abrogation of depolarizing conditions (Cavallaro et al. 1996; Campard et al. 1997; Tanaka et al. 1997; Villalba et al. 1997; Vaudry et al. 1998) ; and preserves ventral mesencephalic and cortical neurons from 6-hydroxy-dopamine and glutamate neurotoxicity (Morio et al. 1996; Takei et al. 1998) . Moreover, PACAP significantly reduces neuronal apoptosis and cortical infarct size after ischemia (Uchida et al. 1996; Ohtaki et al. 2006) . The same survival functions may be related to the proliferative activities of VIP and PACAP in many cell types, including retinal epithelial cells, sympathetic neuroblasts, and olfactory neuroepithelial basal cells. PACAP is frequently several orders of magnitude more potent than VIP in inducing trophic responses, suggesting that the peptide proliferation effects are mediated by PACAP-selective PAC 1 receptors (DiCicco-Bloom et al. 2000) . However, PACAP and VIP have also been implicated in differentiation and antiproliferative activities in other neuronal systems. PACAP increases rat cerebellar, dorsal root ganglion (DRG) explant, and chromaffin cell neurite outgrowth in vitro (Wolf and Krieglstein 1995; Gonzalez et al. 1997; Lioudyno et al. 1998; Nielsen et al. 2004) , and in rat cortical neurons, PACAP decreases the proportion of proliferating cells and promotes morphological and biochemical differentiation, suggesting that PACAP induces cell cycle withdrawal and promotes neuronal development (Lu and DiCicco-Bloom 1997; Nicot and DiCicco-Bloom 2001; Carey et al. 2002) .
Although several studies have now shown that PACAP-related peptides or their receptors are highly expressed in the subventricular zone in the developing and mature CNS in vivo (Jaworski and Proctor 2000) and that embryonic stem cells and neural progenitor cells respond to PACAP peptides in vitro, the effects of PACAP or VIP on multipotent cells have remained equivocal. Whereas some studies demonstrate that PACAP may stimulate murine neural progenitor cell (mNPC) proliferation (Mercer et al. 2004) , there are also reports suggesting that the neuropeptides promote stem or progenitor cell differentiation into neurons or astrocytes (Ohta et al. 2006; Watanabe et al. 2006; Nishimoto et al. 2007 ). Some of the variability in responses may have reflected the influence of growth factors in the culture preparation (Sievertzon et al. 2005) . In clarifying and extending these observations, we demonstrate that mNPCs express almost exclusively the PAC 1 (short)null receptor isoform and that the activation of these receptors in the absence of complex growth factor signaling can stimulate mNPC survival and proliferation and maintain progenitor cells in an undifferentiated state.
Materials and Methods
Isolation of Murine Neural Progenitor Cells (mNPC) NPCs were prepared from postnatal day 4 C57/BL6 mouse brains by Dr. Jeffrey Spees at the University of Vermont College of Medicine Stem Cell Core Facility. The tissues were minced and enzymatically dissociated using the NeuroCult Enzymatic Dissociation Kit (StemCell Technologies), and the resulting cells were cultured under optimal conditions for neurosphere formation. The undifferentiated progenitor cells and neurospheres were maintained in Neurobasal-A medium containing B27 supplement, 10 ng/ml epidermal growth factor (EGF), 10 ng/ml basic fibroblast growth factor (FGF), 2 mM Lglutamine, 100 U/ml penicillin, and 100 μg/ml streptomycin. For mNPC survival, proliferation, and differentiation assays, the cells (passage 4-5) were cultured on poly-D-lysine-and laminin-coated plates until 80% confluency before growth factor withdrawal. The cultures were subsequently rinsed and maintained in the same Neurobasal-A and B27-supplemented medium without added EGF and FGF. PACAP and VIP peptides were from American Peptide.
Cell Viability Assays Terminal transferase dUTP nick end labeling (TUNEL) assay was performed to assess cell apoptosis. Biotinylated dUTP was incorporated into late stage fragmented DNA using terminal deoxynucleotidyl transferase (Promega), and labeled cell nuclei were visualized after incubation with streptavidin fluorescein isothiocyanate (1:1,000; Jackson Immunoresearch) by fluorescence microscopy. The number of TUNEL-labeled apoptotic cells is expressed as a fraction of total cells enumerated from Hoechst nuclear staining. At least four nonoverlapping fields were counted per slide and three replicates were prepared for each experimental group. Cell viability was also assessed using membrane permeable calcein acetomethoxy ester (calcein AM), which fluoresces after uptake, and intracellular hydrolysis by esterases. After growth factor withdrawal and treatments, the mNPC cultures were incubated in 2 μM calcein AM solution at 37°C for 30 min before quantitative fluorescence measurements. Data represent the mean of four replicate cultures±standard error of the mean (SEM).
Cell Proliferation Assay Cell proliferation was assessed using the S phase marker bromodeoxyuridine (BrdU). Upon 80% culture confluency, mNPCs were incubated in 100 μM BrdU for 90 min before processing in Zamboni's 4% paraformaldehyde-picric acid fixative. The cultures were rinsed, exposed to 2 N HCl for 1 h, blocked in 10% horse serum, and incubated overnight in 1:100 mouse anti-BrdU IgG (Roche). After washing and incubation with a Cy3-conjugated donkey antimouse antibody (1:500), the proliferating BrdUlabeled cells were enumerated as a proportion of total cells in four random nonoverlapping fields in each of three coverslips per experimental group. Data represent the mean±SEM.
Western Blot Analyses For Western blot analyses, the mNPC cultures were lysed in RIPA buffer (50 mM TrisHCl, pH 8.0, 120 mM NaCl, 5 mM EDTA, 1% NP-40, 0.1% SDS) containing 0.3 mg/ml phenylmethylsulfonyl fluoride and protease inhibitor mix (16 μg/ml benzamidine, 2 μg/ml leupeptin, 50 μg/ml lima bean trypsin inhibitor, 2 μg/ml pepstatin A). The proteins (32 μg) were fractionated on 4-12% SDS-PAGE gels and transferred onto Immobilon-P PVDF membranes (Millipore) for Western blot analyses using primary antibodies to βIII tubulin (Sigma), glial fibrillary acid protein (GFAP; Applied Biological Material), myelin oligodendrocyte glycoprotein (MOG; R&D Systems), and actin (Santa Cruz); the blots were stripped in 62.5 mM Tris-HCl, pH 6.7, containing 2% SDS and 100 mM β-mercaptoethanol at 50°C for 90 min before each reprobing procedure. The blots were processed for enhanced electrochemical detection; all blots were exposed to autoradiographic film to ensure signal removal before readdition of antisera. From high-resolution densitometry (Odyssey 2.0), relative changes in protein expression were determined from data normalized to actin.
Semiquantitative and Quantitative PCR mNPC cultures were homogenized in Stat-60 total RNA/mRNA isolation reagent (Tel-Test "B", Friendswood, TX, USA) as described previously (Braas and May 1999; Girard et al. 2002 Girard et al. , 2004 . The RNA was used to synthesize first-strand cDNA using SuperScript II reverse transcriptase and random hexamer primers with the SuperScript II Preamplification System (Invitrogen, Carlsbad, CA, USA) in a 20-μl final reaction volume. After the reverse transcriptase reaction, the cDNA samples were treated with RNase H to remove residual RNA. Semiquantitative PCR for PAC 1 , VPAC1, and VPAC2 receptors was performed exactly as describe previously (Braas and May 1999) . For real-time quantitative PCR measurements, TaqMan Master Mix and TaqMan primers and probes for βIII tubulin, MOG, and GFAP were all from Applied Biosystems. The amplification was performed on an ABI 7500 Fast Real-time PCR System (Applied Biosystems, Foster City, CA, USA) using the following standard conditions: (1) heating at 95°C for 10 min and (2) amplification performed over 50 cycles at 95°C for 15 s and 60°C for 60 s. Transcript levels were determined using the comparative 2 ÀΔΔC T ð Þ method; all data were normalized to actin levels in the same sample. Data represent the mean of six replicates±SEM.
Statistics Analysis of variance (ANOVA) was used to determine the differences among treatments. Newman-Keuls test was used in post hoc analysis to determine which treatments were different from others. P<0.05 was considered significant. All values represent the mean±SEM. Calculations were performed using SigmaStat and SigmaPlot (SPSS, Chicago, IL, USA).
Results
Murine Neural Precursor Cells Express PAC 1 and VPAC2 Receptors Many developing and mature neural cells express the different PACAP and VIP receptor subtypes. To assess PACAP and VIP receptor expression in mNPC isolated from postnatal mouse brain, total RNA was isolated from the cultures for semiquantitative PCR analyses. Using oligonucleotide primers flanking sequences encoding the third cytoplasmic loop of the PAC 1 receptor, only a 303-bp product was amplified, suggesting that mNPCs expressed exclusively the PAC 1 null receptor isoform containing neither HIP nor HOP cassettes (Fig. 1) . PCR of the same mNPC cDNA templates with primers to the receptor Nterminal region demonstrated the presence of exons 4 and 5 corresponding to the 21 amino acid insert for the short receptor variant. The VPAC2 receptor transcript abundance was extremely low, and the VPAC1 receptor transcript was not apparent under current culture or amplification parameters (data not shown).
PACAP and VIP Promote mNPC Viability EGF and FGF supplements in the culture medium maintain mNPCs in a proliferative and undifferentiated state. PACAP and VIP peptides have well-described trophic properties and can abrogate apoptosis in many neural and peripheral tissues under diverse insult paradigms. To determine whether mNPC apoptosis upon growth factor withdrawal can be attenuated by PACAP or VIP peptides, mNPCs were first cultured in media with EGF and FGF until 80-90% confluency. The cultures were subsequently rinsed and maintained in EGF/FGF-free medium in the presence or absence of 100 nM PACAP27, PACAP38, or VIP peptide for 24 h before TUNEL analyses for fragmented genomic DNA. From cell enumeration, approximately 15% of total culture mNPCs were apoptotic after growth factor withdrawal (Fig. 2, top panel) . The addition of PACAP or VIP peptides dramatically diminished the number of TUNEL positive cells 80-95%. Although PACAP appeared more efficacious and diminished the number of TUNEL-labeled mNPC to a greater extent compared to VIP, the differences among peptides were not statistically different. Treatment of the cultures with 100 nM PACAP or VIP elicited maximal neuroprotective effects. Treatment with 10 nM peptide concentrations produced similar survival response patterns but the response efficacies were more variable from cell passage to passage which may have reflected slight alterations in receptor density, maturation, or coupling to signaling effectors (data not shown).
The abilities for PACAP and VIP to protect mNPCs from apoptosis were corroborated with calcein AM assays for cell viability. In separate experiments using the same treatment paradigms above, the addition of PACAP or VIP to the cultures after EGF and FGF withdrawal increased calcein fluorescence levels 35-60% compared to untreated controls (Fig. 2, lower panel) . Consistent with TUNEL assays, similar peptide concentration dependence experiments demonstrated no apparent differences in efficacy among the different PACAP and VIP peptides examined.
PACAP Stimulates mNPC Proliferation After EGF and FGF Withdrawal
The maintenance of undifferentiated stem and progenitor cell proliferation in vitro is dependent on EGF and FGF signaling. In many neuronal systems, Figure 1 Murine NPCs express PAC 1 and VPAC2 receptors. Total RNA from NPC neurospheres was reversed transcribed and the cDNA prepared for PAC 1 and VPAC receptor transcript analyses by semiquantitative PCR as described previously (Braas and May 1999) . Oligonucleotide primers for the PAC 1 receptor flanked sequences encoding the third cytoplasmic loop and amplified a 303-bp product corresponding to the PAC 1 null (neither Hip nor Hop cassette insert isoforms); the one and two cassette variants appeared negligible. VPAC2 transcript expression (396 bp) in mNPCs was less abundant and VPAC1 receptor mRNA expression was not detected (not shown). Receptor transcript expression patterns were the same in mNPCs seeded onto coated substrates. Each lane represents an independent culture replicate Figure 2 PACAP and VIP peptides promote mNPC survival. Murine NPCs were cultured on poly-D-lysine-coated substrates to 80-90% confluence before EGF and FGF growth factor withdrawal (CTL control) and 100 nM PACAP27 (P27), PACAP38 (P38) or VIP treatment (VIP). After 24 h, the cultures were prepared for TUNEL genomic DNA fragmentation analyses (top panel) or calcein AM measurements (lower panel) as described in the "Materials and Methods" section; n=4 separate coverslips or culture wells. Data represent the mean percent change compared to the control±SEM. *p<0.05, significantly different from the control PACAP and VIP neurotrophic signaling cannot only abrogate apoptotic cascades to facilitate survival, but also stimulate proliferation which may be important in establishing the appropriate neuronal populations and densities in specific CNS regions during development. To assess whether PACAP and VIP peptides are solely protective against growth factor withdrawal or possess parallel neuroproliferative properties in mNPC cultures, a series of BrdUlabeling studies were performed. In EGF-and FGFsupplemented medium, more than 60% of mNPCs were labeled with BrdU to demonstrate the high proliferative state of the cells under optimal culture conditions. Whereas growth factor withdrawal diminished mNPC proliferation precipitously to less than 3% of the population (Fig. 3) , treatment of the same cultures with 100 nM PACAP27, PACAP38, or VIP for 24 h increased the number of BrdUlabeled mNPCs increased threefold to fivefold. In contrast to the survival assays, PACAP27 was more efficacious than either PACAP38 or VIP in these studies. However, PACAP and VIP were unable to completely supplant the mitogenic effects of EGF and FGF. Even after daily peptide additions, the number of proliferating BrdU-labeled mNPCs diminished upon chronic treatments to the minimal levels observed in growth factor-free conditions.
PACAP Inhibits mNPC Differentiation After Growth Factor
Withdrawal Despite the apparent transient nature of the PACAP-and VIP-mediated responses in mNPC cultures, the results above demonstrated that the trophic effects of PACAP and VIP share attributes with EGF and FGF receptor tyrosine kinase signaling. However, in facilitating proliferation, the EGF and FGF growth factors also generally downregulate neuronal precursor cell differentiation. As PACAP and VIP peptides have been implicated in differentiation processes, whether these peptides regulate mNPC fate and identities were also examined. To determine the regulatory effects of PACAP and VIP on the differentiation of NPCs, Western blot and quantitative PCR analyses were performed for neural phenotypic marker expression. Compared to control mNPC cultures maintained in growth factor-free medium, PACAP27 diminished neuronal βIII tubulin and astrocyte GFAP protein levels Figure 3 PACAP peptides increase mNPC proliferation. Murine NPC cultures on coated coverslips were prepared as described in Fig. 2 and in the "Materials and Methods" section before 10 μM BrdU treatment (1.5 h) and processing using a Cy3-conjugated secondary antibody. a Representative micrographs under dual-phase and fluorescence microscopy; proliferating cells with BrdU-labeled nuclei in white. b BrdU-labeled cells shown in a were enumerated for quantitative analyses. CTL control, P27 PACAP27, P38 PACAP38; n=5 separate coverslips. Data represent the mean percent change compared to the control±SEM. *p<0.05, significantly different from the control; p<0.05, statistically different from PACAP27 approximately 50% by quantitative Western blot analyses (Fig. 4) ; expression of the oligodendrocyte MOG protein was not apparent under these experimental conditions. Similar to the proliferation studies, VIP appeared to be less efficacious. The results were corroborated by quantitative PCR measurements for βIII tubulin and GFAP transcript expression in separate studies. In aggregate, these experiments demonstrated that PACAP signaling, in promoting cellular survival and proliferation, also extended the undifferentiated state of mNPCs.
Discussion
Among the VIP and PACAP receptor subtypes, mNPC predominantly expressed the PAC 1 receptor, in agreement with previous work. Expression of the VIP-preferring VPAC2 receptor mRNA appeared relatively low and VPAC1 receptor transcripts were not apparent in mNPCs despite high primer amplification efficiency in adult mouse brain cDNA samples. Whereas characterizations of the PAC 1 receptor isoform appeared equivocal from previous studies (Mercer et al. 2004; Ohta et al. 2006) , the current results, using primers spanning established splice sites, demonstrated that mNPC express the null receptor variant with neither Hip nor Hop alternative exons within the third cytoplasmic loop; similar diagnostic PCR analyses for Nterminal receptor sequences established the presence of the 63 nucleotide insert for the "short" receptor variant. These results coincided with data from Ohta et al. (2006) . As the PAC 1 (short)null receptor is the predominant isoform in brain, its expression in mNPCs may be a reflection of CNS tissue specificity.
The preferential expression of the PAC 1 (short)null receptor in mNPCs may have important implications in downstream signaling and progenitor cell responses. Unlike the PAC 1 HOP1 receptor which demonstrates near equal high potency in cAMP/PKA and PLC activation, many primary neuronal studies have suggested that the PAC 1 (short)null receptor signaling is distinct and efficiently coupled solely to cAMP/PKA cascades (Lu et al. 1998; Nicot and DiCiccoBloom 2001) . Neuroblast expression of the PAC 1 (short)null receptor is better correlated with mitotic inhibition and differentiation, whereas the PAC 1 HOP1 receptor variant is better associated with proliferation events. Indeed, whereas PACAP signaling at the PAC 1 null receptor in embryonic cortical cells typically inhibited mitosis, ectopic expression of the PAC 1 HOP1 receptor isoform into the same cells transformed the response into neuronal proliferation (Nicot and DiCicco-Bloom 2001 ). In the current BrdU studies, whether PAC 1 (short)null receptor activation facilitated mNPC proliferation solely from cAMP/PKA signaling or from other second messenger pathway activation, including PLC/IP3 as suggested from heterologous cell line transfection studies (Spengler et al. 1993 ), remains to be established.
After EGF and FGF growth factor withdrawal, a large proportion of mNPCs rapidly demonstrated apoptosis from TUNEL assays. Under these conditions, PACAP and VIP peptides promoted mNPC survival and abrogated the apoptosis response as measured by both TUNEL and calcein fluorescence measurements. As in the proliferation assays, PACAP27, PACAP38, and VIP were effective prosurvival peptides in mNPCs; the efficacy of the various peptides for the survival vs proliferation trophic responses, however, appeared to be slightly different. Whereas 100 nM Figure 4 PACAP decreases mNPC cell lineage marker expression. a Murine NPCs were cultured to near confluence before growth factor withdrawal (CTL control) and treatments with 100 nM PACAP27, PACAP38, or VIP. After 72 h, the cultures were harvested for protein fractionation and Western blot analyses using antibodies to βIII tubulin, GFAP, MOG, and actin; the blots were stripped between each reprobing step; representative blot of three independent cultures for each group. For GFAP, the 50 kD intermediate filament protein is upper band. b Parallel cultures from the Western blot studies were prepared for quantitative PCR analyses using TaqMan primers and probes as described in the "Materials and Methods" section. MOG protein and transcripts were not identified in these studies (data not shown). Data represent the mean from six cultures±SEM. *p<0.05, significantly different from control; p<0.05, statistically different from PACAP27 or PACAP38 PACAP and VIP peptides demonstrated apparent equal efficacy in promoting mNPC survival, PACAP27 appeared to be more efficacious in promoting mitosis. The former may be related to high peptide potency in activating survival signaling cascades at either the PAC 1 and/or VPAC2 receptors in mNPCs. Although VPAC2 receptor transcript levels appeared relatively low in mNPCs, for example, VPAC2 receptor protein expression and efficacy in second messenger activation may be significant to either mediate survival or coordinate prosurvival responses with PAC 1 receptor signaling. For the latter, the PACAP/VIP proliferation response pattern may be more consistent with mNPC PAC 1 receptor isoform signaling. In good agreement with other work, VIP was less efficacious than PACAP27 in stimulating proliferation, which may be a reflection of PAC 1 receptor ligand selectivity (Mercer et al. 2004 ). As noted in other studies, the efficacy of PACAP27 and PACAP38 in mNPC proliferation appeared different. Whereas the responses may have reflected differences in peptide isoform binding to the N-terminal of the PAC 1 receptor variants (Pantaloni et al. 1996) , the relative stability of PACAP27 vs PACAP38 may have been a contributing factor in these studies (Bourgault et al. 2008) .
Although the mechanisms underlying the PACAP-and VIP-mediated trophic effects in mNPC require further study, the dramatic abilities for these peptides to supplant FGF and EGF and promote survival and facilitate mitogenic regulation were entirely consistent with other work in adult and developing neural tissues. PACAP or the PAC 1 /VPAC receptors have been identified in proliferative zones of the CNS. PACAP and VIP peptides protect neurons from apoptosis under a variety of injury paradigms and can enhance diverse neuroblast proliferation in vivo and in vitro. In the current studies, the abilities for PACAP signaling to facilitate mNPC survival and proliferation are also in good agreement with other neural stem and progenitor cell reports. PACAP promoted embryonic and adult neural stem cell survival and/or proliferation; interestingly, the preponderance of data from inhibitor studies demonstrate that these trophic responses are PLC/PKC-dependent and PKA-independent (Mercer et al. 2004; Ohta et al. 2006 ). Our ongoing work will determine whether the same second messenger pathways are operational for survival and proliferation in our mNPCs. But as forskolin cannot fully recapitulate the current PACAP studies, the trophic responses may depend on multiple signaling pathway activation. Also, the proliferative effects of PACAP and VIP appeared transient. Whereas the underlying mechanisms are unclear, they may be related to receptor internalization/desensitization processes. In our preliminary work with cell lines transfected with GFP-tagged PAC 1 receptors, chronic PACAP treatments appear to result in increasingly progressive receptor translocation into intracellular compartments which may contribute to the transient nature of the signaling response.
It is interesting to note that many of the same studies have also suggested that PACAP signaling can guide stem/ progenitor cell differentiation to a neuronal or astrocyte cell fate (Cazillis et al. 2004; Mercer et al. 2004; Ohta et al. 2006; Watanabe et al. 2006; Nishimoto et al. 2007 ). These observations appear contrary to expectations as proliferation is frequently associated with cells in an undifferentiated state. Whereas the withdrawal of growth factors from the mNPC cultures can induce neuronal and astrocyte marker expression, as described in previous studies, the addition of PACAP in our current work suppressed both βIII tubulin and GFAP protein and transcript expression in mNPCs. Whereas these results contrast with other work for reasons that are unclear, they may be related to the original source of the neural progenitor cells and culture maintenance and treatment conditions (Sievertzon et al. 2005 ). Whereas most stem or progenitor studies with PACAP include one of the growth factor supplements to ensure culture viability, the current studies reflected signaling from the PACAP or VIP peptide alone. As the progenitor cell gene expression profile with PACAP can be very different in the presence of FGF and EGF, the differentiation responses observed in other studies may represent consequences of coordinate G protein-coupled receptor and receptor tyrosine kinase signaling. Similar to the proliferation responses, PACAP appeared to be more efficacious than VIP in suppressing lineage transcript marker expression. Coupled with the prosurvival and proliferation functions of PACAP, these results suggest that PACAP signaling may be capable of maintaining mNPCs in an undifferentiated state for population self-renewal and expansion.
The identification of factors capable of maintaining CNS NPC populations is important in a variety of contexts. Developmentally, the rates of NPC proliferation and differentiation are determinants that define neuronal populations and cytoarchitecture. In adults, continuous NPC renewal has been implicated in learning and memory, maintaining olfactory function, mediating therapeutics for behavioral or psychiatric disorders, and providing an endogenous means of neuronal repair after injury (Gould et al. 1999; Santarelli et al. 2003; Ueki et al. 2003; Goldman 2005; Sohur et al. 2006; Okano et al. 2007; Sahay and Hen 2007; Zhang et al. 2008 ). More recently, diminished adult NPC proliferation and function has been implicated in CNS ageing and degenerative processes (Sharpless and DePinho 2007) . If accumulating cellular insults or changes in environmental niches result in decreased NPC regenerative capacity to repair CNS damage from degenerative diseases or injury, then diminished NPC proliferation may be an important contributor to the constellation of neurological defects associated with CNS ageing. Several growth factors and cytokines, including EGF, bFGF, vascular endothelial growth factor, brainderived nerve growth factor, prolactin, leukemia inhibitory factor, and ciliary neurotrophic factor have been shown to be capable of promoting stem cell renewal; the addition of PACAP/VIP peptides to the repertoire not only presents alternatives, but also options for coordinate treatments to amplify and refine NPC responses.
